A series of bio-composites including poly3-hydroxybutyrate [P(3HB)] grafted ethyl cellulose (EC) stated as P(3HB)-EC were successfully synthesised. Furthermore, natural phenols e.g., and ferulic acid (FA) were grafted onto the newly developed P(3HB)-EC-based bio-composites under laccaseassisted environment without the use of additional initiators or crosslinking agents. The phenol grafted biocomposites were critically evaluated for their antibacterial and biocompatibility features as well as their degradability in soil. In particular, the results of the antibacterial evaluation for the newly developed biocomposites indicated that 20HBA-g-P(3HB)-EC and 15FA-g-P(3HB)-EC bio-composites exerted strong bactericidal and bacteriostatic activity against Gram -E. coli NTCT 10418 as compared to the Gram + B. subtilis NCTC 3610. This study shows further that at various phenolic concentrations the newly synthesised biocomposites remained cytocompatible with human keratinocyte-like HaCaT skin cells, as 100% cell viability was recorded, in vitro. As for the degradation, an increase in the degradation rate was recorded during the soil burial analyses over a period of 42 days. These findings suggest that the reported bio-composites have great potential for use in wound healing; covering the affected skin area which may favour tissue repair over shorter periods.
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Introduction
Cellulose is the most abundant renewable material widely used in the history of mankind. In recent years, with the increasing knowledge of infectious diseases caused by various micro-organisms, the development of bio-polymers with multi-functional properties has gained considerable attention, especially in bio-medical and other health-related areas of the modern world. Furthermore, preparations of such structured materials in the form of composites by combining the advantage of various biopolymers like cellulose are among potential routes to impart and/or modify existing properties of natural polymers [1] . Over the last few years, many polymer researchers have directed their interests into the development of structured materials with multi-functional characteristics for wider range of applications like bio-medical, pharmaceutical, drug delivery, antibacterial active packaging and/or sanitary materials, and household items [2] .
In our previous work, P(3HB)-EC-based novel composites were developed and analysed the improved thermo-mechanical characteristics and hydrophobic and/or hydrophilic balance obtained [3] . Most phenols, as natural antimicrobial agents, can be grafted onto cellulose surface to impart antimicrobial properties. The crosslinking behaviours of various phenolic molecules including HBA was evidenced after treatment with laccase from Pycnoporus cinnabarinus and others [4, 5] .
Laccase-assisted grafting has recently been the focus of green chemistry technologies in response to the growing environmental concerns, legal restrictions and advances in science. In principle, laccase-assisted grafting may modify and/or impart a variety of new functionalities to the materials of interest, as the modified materials through grafting have extensive applications [6] [7] [8] . Oxidoreductases like laccase have considerable potential to react with a large variety of suitable substrates e.g., phenols. This is because their redox potentials are sufficiently low to allow electron transfer by Cu1 reaction site of the laccase. Over the last few decades laccases have been established as green catalysts. There is special interest on laccases due to their ability to generate phenoxy radicals as the primary oxidation products. These radicals can further undergo cross-linking reactions [9] [10] [11] , thus enhancing/modifying characteristics of existing material, and/or imparting new features to the materials, creating value-added products. Laccase-assisted bio-grafting is a versatile method of functionalisation, which allow bonding of various functional groups from diverse phenolic structures [2, 12] .
The tested phenolic structures have pronounced antibacterial features against various bacterial strains, and exert strong pharmacological activities such as flavouring, antioxidant and antiseptic characteristics, has already been reported elsewhere [13, 14] . In continuation of our previous study [3] , herein, we report a new study on the development of bio-composites with novel characteristics through enzymatic grafting.
Materials and Methods

Chemicals
The enzyme used for grafting purposes was a commercial laccase from Trametes versicolor (SigmaAldrich, UK). 2,2'-azino-bis (3-ethylbenzothiazoline-6- Both of the collected strains were streaked on sterile nutrient agar plates which were then used to prepare inoculum suspension. A homogenous spore suspension was grown, separately, in 50 mL sterile nutrient broth for 24 h at 30 °C and 120 rpm.
Grafting of HBA and FA
The grafting of HBA and FA onto the previously developed P(3HB)-EC composite [3] was performed.
Briefly, a pre-weight composite was dipped in a glass basin containing 50 mL of pre-dissolved HBA and FA, ) and the activity was found to be negligible at the end of the experiment. All of the samples were prepared in triplicates and for each treatment means ± S.E. were calculated.
Structural and elemental evaluation (FT-IR)
To investigate the structural and elemental groups of the grafted composites along with their individual counterparts, an FT-IR spectroscopy was used. Prior to record the spectra, the test composites were placed directly on the diamond crystal of a Perkin Elmer System 2000 FT-IR spectrophotometer. An IR absorption spectra were recorded using the wavelength ranging from 4000 to 500 cm -1 .
Grafting parameters
The effect of different phenolic concentrations on the grafting process was investigated in terms of grafting parameters. The grafting parameters were calculated according to the following equations as reported earlier [15] .
Where, Wi = initial weight; Wf = final dry weight; and Ws = weight in swollen state
Testing antibacterial activity
A conventional spread-plate method was adopted to evaluate the antibacterial characteristics of the newly synthesised composites. The antibacterial characteristics were tested verses B. subtilis NCTC 3610 and E.
coli NTCT 10418 strains, in vitro. All of the grafted composites were thermally sterile at 90 o C for 30 min prior to inoculate the overnight grown bacterial spore suspensions (containing 10 5 CFU/mL) on the surfaces of the test composites. After 24 h incubation, the bacterial cells from the control and test composites were washed twice using 50 mL phosphate buffer (pH, 7.0). The bacterial cell count in terms of CFU/mL was determined by conventional spread-plate method. In comparison with control the CFU/mL values were used to calculate the antibacterial efficacy of the test composites using Eq. 4.
In vitro biocompatibility
HaCaT cell line was adopted to evaluate the biocompatibility of the newly synthesised composites. The newly synthesised bio-composites with 1 cm 2 in area were cut, UV sterilised and then HaCaT cells were seeded at a density of 1 × 10 5 cells per well. The seeded composites were incubated at 37 o C in a humidified atmosphere of 5% CO 2 . After 1, 3 and 5 days of incubation, the growth media were removed from each well and PBS was used to rinse each composite three times. The percentage cell viability was recorded using neutral red dye uptake assay. After 3 h of incubation under standard assay conditions, the test composites were washed three times using mixture contained CaCl 2 and formaldehyde with a percent range of 1 % and 0.5 %,
respectively. This was then followed by 10 min incubation at an ambient temperature using lysate mixture in order to extract the taken up dye by the viable cells. From above, 100 µL was transferred to 96-well cell culture plates and OD value was measured using a Thermomax micro-plate reader at 540 nm using Softmax Pro version 4.8 software. The % cell viability of the test specimens was calculated using Eq. 5.
Standard tissue culture plastic was used as positive control whereas graft composite without cell culture was used as negative control for this experiment.
Adherent Morphology
The adherent morphology was observed using Nikon light microscope. After stipulated incubation days, the HaCaT cells were fixed for 30 min using mixture solution contained paraformaldehyde and PBS with a percent range of 4% and 96%, respectively. The samples were washed with PBS and then followed by adding 5 mg/mL neutral red dye to stain HaCaT cells for 1 h. After the stipulated time, the stained cells were washed with PBS and high definition images at 100× were captured using ScopePhoto, Windows based software version x86, 3.1.475.
Biodegradability
The biodegradability of the composites as a function of time-dependent weight loss was performed as described earlier by Wattanakornsiri et al. [16] , with minor modifications as reported earlier [15] . The percentage of weight loss was calculated using Eq. 6.
Results and Discussion
Structural and elemental evaluation (FT-IR)
A typical FT-IR spectra of the individual i.e., HBA, FA and P(3HB)-EC and their laccase-assisted HBA-g-P(3HB)-EC and FA-g-P(3HB)-EC bio-composites is shown in Fig. 1A . The grafted bio-composites have typical polyphenol attributes, due to the appearance of broad peaks cantered at 3,346 and 1,446 cm -1 which are assigned to the vibrational mode of O-H linkages of phenolic and hydroxyl groups. In comparison to the pristine HBA and FA spectra a sharp peak at 1,056 cm -1 region appeared in the FT-IR spectra of HBA-g-P(3HB)-EC and FA-g-P(3HB)-EC bio-composites and mainly corresponds to C-O-C mode, indicating extended polymerisation [6, 18] . Figure 2A and B shows the effect of HBA and FA concentrations on the grafting parameters. A consistent increase in the grafting parameters was recorded up to 20 mM HBA concentration. Indeed, the grafting parameters profile presented in Fig. 2A indicates that as the concentration of HBA increases from 0 to 20 mM both the %GY and %GE were optimal with an increase in the swelling ratio. Figure 2B depicting the aforementioned grafting parameters of FA-g-P(3HB)-EC bio-composites. The data revealed that the graft yield, grafting efficiency and swelling ratio values were maximum in case of 15FA-g-P(3HB)-EC, then starts to decrease showing that higher concentrations do not promote further grafting. One possible reason for the observed behaviour could be the substantial amount of FA grafted onto the backbone material, which creates steric hindrance for further grafting on increasing beyond the optimal point. The method employs laccase to convert the phenol used, HBA and FA, into free radicals, which undergoes subsequent non-enzymatic reaction with the backbone composite and thus forms graft composite. Graft copolymerisation using free radical initiation has attracted the interest of many scientists in the last few years. In an earlier study, Sun et al.
Grafting parameters
[19] prepared carboxymethyl chitosan-grafted-MAA composites using free radicals in an aqueous solution and observed that the reaction time and temperature are among important parameters which can increase or decrease the grafting parameters such as graft yield, grafting efficiency and swelling behaviour. Similarly, Kumar et al.
[20] and Chen et al. [21] have also used enzyme as a catalyst for grafting purposes. Previously, Aggour, [22] has also observed the similar phenomenon with an increase in the grafting percentage due to the increase in monomer concentration, which in turn also intensify the molecular weight of the grafted composite.
Antibacterial activity
The antibacterial activities of HBA-g-P(3HB)-EC and FA-g-P(3HB)-EC bio-composites were tested against B. subtilis NCTC 3610 and E. coli NTCT 10418 and the results obtained are shown in Fig. 3A and B, respectively. After 24 h of incubation, a significant bacterial proliferation with an increase in the log value from 5 to 8 and 6 against B. subtilis NCTC 3610 and E. coli NTCT 10418, respectively was recorded on control composite. In contrast, 15HBA-g-P(3HB)-EC and 20HBA-g-P(3HB)-EC bio-composites, prepared with 15 mM and 20 mM HBA concentration respectively, showed a clear bacteriostatic and bactericidal effects against B.
subtilis NCTC 3610 and E. coli NTCT 10418, respectively. Whereas, 5HBA-g-P(3HB)-EC and 10HBA-g-P(3HB)-EC bio-composites were not as effective particularly against B. subtilis NCTC 3610. However, both composites showed a significant bacteriostatic activity against E. coli NTCT 10418 with a log reduction value from 5 to 2 and 1, respectively. The total log reduction value caused by 20HBA-g-P(3HB)-EC bio-composite for E. coli NTCT 10418 and B. subtilis NCTC 3610 was 0 and 2, respectively in comparison to the control log value i.e., 5. On the other hand, in case of FA grafted composites a significant antibacterial activity was detected for 15FA-g-P(3HB)-EC against Gram + strain i.e., B. subtilis NCTC 3610 and Gram -i.e., E. coli NTCT 10418 in comparison to the control sample and also relative to the other FA grafted bio-composites. Furthermore, 10FA-g-P(3HB)-EC was found more bacteriostatic, as compared to the 5FA-g-P(3HB)-EC and 20FA-g-P(3HB)-EC bio-composites, against both of the aforementioned strains. Generally, the bactericidal potential against Gram -E.
coli NTCT 10418 was higher than that of Gram + B. subtilis NCTC 3610 at the same composite, which is, probably because of the difference between Gram -and Gram + bacteria in terms of cell structures [23, 24] .
According to the data discussed above, the antibacterial potential of the newly grafted composites was due to the HBA and FA as functional entities. It is well-known that the antibacterial mechanism or bacteriostatic and bactericidal potential of phenols, such as HBA and/or FA, is natural which is due to the availability of reactive acidic hydroxyl groups in their structure. Further to this end, it has also been reported in literature that the delocalisation of electrons on their structure also contribute to their antibacterial mechanism or bacteriostatic and bactericidal potential against various bacterial strains [11, 25] .
In vitro biocompatibility
In recent years, cellulosic-based composites have been widely employed in various sectors of current biomedical fields. Owing to some previously characterised and reported characteristics of the P(3HB)-EC composite [3] , the newly grafted composites, i.e., HBA-g-P(3HB)-EC and FA-g-P(3HB)-EC, are expected to exhibit an excellent HaCaT compatibility. Notably, no matter low or higher HBA and/or FA concentrations, HBA-g-P(3HB)-EC and FA-g-P(3HB)-EC bio-composites displayed increasing cell viability among the tested composites, whereas, 20HBA-g-P(3HB)-EC ( Fig. 4A ) and 15FA-g-P(3HB)-EC (Fig. 4B ) composites showed 100% cell viability after 5 days of incubation, indicating that these composites were non-cytotoxic under in vitro cell culture conditions. Additionally, the morphologies of cell cultured from all of the test composites displayed healthy shape (Figs. 5 and 6 ). With the extension of culture time from day 1 to day 5 the number of cells attached on the seeded composite surfaces was increased. It could be seen from Figs. 5 and 6, the HaCaT cells adhered on the composites and spread in a stretchy way on their surfaces.
Biodegradability
The results obtained after soil burial test are expressed as weight loss vs. time, and illustrated in Fig. 7 A and B. Particularly, in Fig. 7A , the results obtained after each week for composites containing different amounts of laccase-assisted HBA are reported in comparison to the pristine base material i.e., P(3HB)-EC. More specifically, after 4 weeks of burial all of the test composites undergo a faster degradation with respect to the composites containing higher HBA and FA concentration. This behaviour can be well-explained taking into account the results of the swelling ratio from the grafting parameters test that have demonstrated the high swelling linked to the water absorption capacity of the composites. Therefore it seems evident that the swelling capability linked to the water absorption capacity plays a crucial role by causing the hydrolysis of surfaces and interfaces to determine the degradation kinetics of the composites [26, 27] . Whereas, a lower swelling ratio or lower water absorption capacity of the test composites induces a decrease of the soil burial degradation rate [28, 29] . It has already been well-documented in literature that the degradation capability of various cellulolytic organisms, from the soil, to degrade cellulose or cellulose based composite varies greatly with the physicochemical characteristics [15, 30] .
Conclusions
In conclusion, the newly synthesised laccase-assisted graft composites illustrated a noteworthy biocompatibility characteristics along with their HBA and FA induced antibacterial potential, thus HBA-g-P(3HB)-EC and FA-g-P(3HB)-EC bio-composites have considerable potential to be used for bio-medical type applications particularly in the area of infection free wound healing, tissue engineering/implants. 
